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FOREWORD 

This technical summary report on IITRI Project No. K 6 0 5 5 ,  

"Feasibility Study of Techniques to Protect Mechanisms Operating 
in Space From Malfunction,'' covers the work performed during 
the period June 28, 1963 to June 27, 1964. The work was 
sponsored by the National Aeronautics and Space Administration, 
George C. Marshall Space Flight Center under contract NAS8-11014, 
with Dr. W. R. Eulitz acting as the contracting officer's 
technical representative. 

This work was performed by the Fluid Systems and Lubrication 
Section of the Mechanical Engineering Division under the manage- 
ment of Mr. F. Iwatsuki. Principal investigator was Mr. W. E. 
Jamison. Support was provided by Drs. C. Riesz and A. Dravnieks 
and Mr. H. Weber of the Chemistry Research Division for the con- 
tact potential measurements and by Drs. P.R.V. Evans and R. 
Elliott and Mr. D. Warwick of the Metals Research Division in 
the preparation and analysis of the experimental materials. 
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F E A S I B I L I T Y  STUDY OF TECHNIQUES TO PROTECT 

MECHANISMS OPERATING I N  SPACE FROM MALFUNCTION 
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I. INTRODUCTION 

The p o i n t  of view adopted here, t h a t  f u r t h e r  advances i n  
understanding and c o n t r o l l i n g  f r i c t i o n  must be de r ived  through 
fundamental s t u d i e s  conducted on a molecular  l e v e l ,  r e q u i r e s  
c l a r i f i c a t i o n  and d e f i n i t i o n  f o r  complete understanding.  

F r i c t i o n ,  de f ined  a s  t h e  macroscopic r e s i s t a n c e  t o  motion 
of t w o  bodies  i n  loaded c o n t a c t ,  can no longer  be viewed as a 
m a t e r i a l s  p rope r ty  on a molecular l e v e l .  T h i s  i s  so because 
t h e  phase boundar ies ,  o r  “ su r faces”  of t h e  s o l i d s  e x i s t  i n  a 
s ta te  profoundly d i f f e r e n t  from t h a t  of t h e  bulk ma te r i a l .  I n  
a d d i t i o n ,  t h e  ” su r faced ’  e x i s t s  on a d i f f e r e n t  p l ane  and t h e  

’Isurface s t a t e ”  encompasses a d i f f e r e n t  volume according t o  a 
chemical,  p h y s i c a l ,  or e lec t romagnet ic  p o i n t  of view. The 

s i t u a t i o n  i s  complicated by t h e  i n e v i t a b l e  contaminat ion which 

a r i s e s  from s u r f a c e  adsorpt ion.  

For  t h e  d i s c u s s i o n  w h i c h  fo l lows ,  w e  d e f i n e  ‘:‘a f r i c t i o n  
i n t e r f a c e ”  which c o n s i s t s  of a volume encompassing t h e  reg ion  
i n  which  r e l a t i v e  motion occurs ,  and which inc ludes  a l l  of t h e  
molecules  i n  both  s o l i d  phases which p a r t i c i p a t e  i n  t h e  f r i c t i o n  
process .  The d i f f e r e n c e s  between t h i s  i n t e r f a c e  and t h e  

classical  p i c t u r e  of a f r i c t i o n  i n t e r f a c e  are i l l u s t r a t e d  i n  
F ig .  1. B a s i c a l l y ,  t h e  c l a s s i c a l  p i c t u r e  charts t h e  phys i ca l  
d i s t r i b u t i o n  of molecular  spec ies .  The new i n t e r f a c e  p i c t u r e ,  
however, can be i n t e r p r e t e d  equal ly  w e l l  i n  t h e  p h y s i c a l ,  
chemical ,  o r  e lec t romagnet ic  sense. The reg ion  of motion i s  
seen t o  be a volume which,  i n  t h e  i d e a l  case, would con ta in  a 
p l ane  of zero  shear s t r e n g t h .  

a r e  made concerning t h e  d i s t r i b u t i o n  of molecules ,  t h e i r  states, 
or  their  i n t e r a c t i o n s ,  although t h e  d i f f e r e n c e  which  i s  known 

I n  t h i s  p i c t u r e , \ n o  assumptions 
L.- 
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t o  ex is t  between bulk  and su r face  s t a t e s  i s  acknowledged. 

Although t h i s  g e n e r a l i z a t i o n  of t h e  f r i c t i o n  i n t e r f a c e  

may a t  f i rs t  s e e m  a r b i t r a r y  and supe r f luous ,  i t  has  been found 

necessa ry  t o  d e v i a t e  from t h e  c l a s s i c a l  p i c t u r e j t o  allow fo r  
t h e  d e f i n i t i o n  of t h e  e l e c t r i c a l  and chemical i n t e r a c t i o n s  
whose i n f l u e n c e  on f r i c t i o n  w i l l  be r evea led  as o u r  knowledge 
of t h e  fundamental f r i c t i o n  processes  progresses, and t o  d e f i n e  

t h e  " ideal"  f r i c t i o n  i n t e r f a c e  i n  a l l  senses .  

I- 

I t  can be seen t h a t  the  " f r i c t i o n  i n t e r f a c e , ' '  as de f ined  
above, can exist  w i t h i n  a s i n g l e  s o l i d  phase. 
s o l i d  material  i s  shea red ,  i t  c o n t a i n s  t h e  r e g i o n s  of  undeformed 
bu lk  material ,  t h e  r eg ion  of  r e l a t i v e  motion, and volumes of 
molecules  on both  s i d e s  which undergo no macroscopic r e l a t i v e  
motion b u t  which par t ic ipate  i n  t h e  f r i c t i o n  process through 
bu lk  d i s t o r t i o n ,  The observed f r i c t i o n  i n  t h i s  case i s  t h e  

force r e q u i r e d  t o  s h e a r  t h e  m a t e r i a l ,  C l e a r l y ,  t h i s  i s  a 
non-ideal f r i c t i o n  i n t e r f a c e  which p o i n t s  t o  t h e  importance 
of s u r f a c e  states i n  determining f r i c t i o n  properties. 

When a s i n g l e  
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I1 RECOMMENDED METHODS FOR MEETING SPACE ANTI-FRICTION 
REQUIREMENTS 

A. A Summary Statement of the Space Friction Situation 

It was established in Part I of this report that current 
lubrication practices show little promise of meeting anti- 
friction requirements for space applications. This is largely 
due to the empirical development of lubrication technology. 
Historically, anti-friction devices (bearings, gears, etc. ) 
were designed to operate with ordinary materials (metals and 
lubricants) and thus relied on naturally occurring phenomena 
to provide acceptable friction and wear performance. Since 
the level of sliding friction with natural materials was too 
high for many applications, rolling element bearings were de- 
veloped to reduce frictional torque. While these devices have 
provided satisfactory service for most earth-bound applications, 
aerospace requirements have exceeded their capabilities, As 
requirements changed and operational environments increased 
in variety and severity, bulk materials properties were 
altered in attempts to provide satisfactory interfacial condi- 
tions while still employing the same basic mechanisms, The 
environments have now become so extreme that materials develop- 
ment has not succeeded in keeping pace with the requirements. 
This has occurred because the naturally occurring phenomena 
leading to friction and wear are not sufficiently understood 
to enable researchers to develop the necessary interface pro- 
perties. This situation has also inhibited the development of 
anti-friction techniques based on artificially induced phenom- 
ena: i.e., artifically induced interface conditions can probably 
produce friction performance superior to that found in nature, 
but without a complete understanding of the molecular inter- 
actions involved in friction, even the requirements for such an 
interface cannot be fully stated. ~t is clear, however, that 
one requirement, zero shear strength along a predetermined 
plane, must be fulfilled for ultimate performance. Once this 

I l T  R E S E A R C H  I N S T I T U T E  

4 K6055 
Final Report 



I 

I 
I 
I 
I 
I 
I 
I 
I 

I 

requirement is met, such complex devices as rolling element 
bearings can be discarded in favor of simpler mechanisms. 

B. Recommendations for Meetinq Current Requirements 

It is recognized that many friction and lubrication pro- 
blems are of immediate concern to designers, and that solutions 
must be found within a reasonably short period of time. 
these situations it is recommended that the designers concentrate 
on efficient application of current space lubrication technology, 
and limit their experimental efforts to ”application testing.” 
Large scale materials screening programs and development of 
new lubricants for specific applications have generally been 
unsuccessful in either solving the immediate problems or con- 
tributing to the basic understanding of friction, 

For 

C, Recommendations for Meetinq Future Requirements 

The space friction problem is seen to be primarily an 
interface problem, Its solution is thus the development of 
new materials and surfaces or the modification of old materials 
and surfaces to provide the necessary interfacial conditions to 
produce good friction and other operational characteristics. 
It is clear, then, that a basic understanding of how surface 
properties affect friction is required. 
achieved. Since surfaces must be modified or manufactured 
through molecular interactions, it seems logical that friction, 
also, must be understood on the same scale. Our current know- 
ledge of friction is generally related only to the macroscopic 
properties of materials, 

This has not yet been 

It is therefore recommended that a major effort be made 
to obtain a better understanding of the molecular interactions 
which comprise friction and to establish a control over these 
interactions through adjustments in surface composition and 
treatment, Two methods are seen for accomplishing this. The 
first is to theoretically establish the desired properties and 
then, based on a knowledge of the laws of atomic and molecular 
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i n t e r a c t i o n s ,  t o  formula te  i n t e r f a c e s  wi th  t h e  r e q u i r e d  pro- 
p e r t i e s ,  Numerous examples of t h e  success  of t h i s  approach 
can be found i n  b i o  and polymer chemis t ry  and s o l i d  s ta te  
phys ic s ,  

The second method i s  t o  i n v e s t i g a t e  t h o s e  materials ex is t -  
i n g  i n  n a t u r e  which e x h i b i t  c e r t a i n  d e s i r e d  p r o p e r t i e s ,  
p r o p e r t i e s  can then be induced i n  o t h e r  materials which may 
be more s u i t a b l e  f o r  t h e  p a r t i c u l a r  a p p l i c a t i o n ,  Fo r  example, 
i f  t h e  molecular i n t e r a c t i o n s  which provide  l u b r i c i t y  wi th  
g r a p h i t e  and adsorbed o rgan lc  monolayers can be unders tood ,  
then  these  i n t e r a c t i o n s  can be promoted i n  t h e  s u r f a c e  layers 
of m a t e r i a l s  whose s t r u c t u r a l  p r o p e r t i e s  are s a t i s f a c t o r y  f o r  
bea r ing  manufacture,  A p re l imina ry  i n v e s t i g a t i o n  of t h i s  l a t t e r  
approach w a s  conducted i n  t h e  exper imenta l  p o r t i o n  of t h i s  

program, Thls work i s  d i s c u s s e d  i n  d e t a i l  i n  S e c t i o n  IV, 
S p e c i f i c  recommendatlons f o r  r e s e a r c h  on b o t h  approaches are 
d i scussed  i n  S e c t i o n I I b  

These 
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I11 RECOMMENDATIONS FOR FURTHER RESEARCH 
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I t  w a s  s ta ted  i n  Sec t ion  I1 t h a t  t h e  r e q u i r e d  understand-  

i n g  of t h e  molecular n a t u r e  of f r i c t i o n  can be ob ta ined  through 
two methods of I n v e s t i g a t i o n :  a t h e o r e t i c a l  approach and an 
experimental  approach,, S p e c i f i c  programs f o r  t h e s e  i n v e s t i g a -  
t i o n s  are o u t l i n e d  below, 

A, T h e o r e t i c a l  Approach 

I t  has been established t h a t  t h e  f o r c e s  of i n t e r a c t i o n  
between atoms are u l t i m a t e l y  e lec t r ica l  i n  o r i g i n .  F u r t h e r -  
more, t h e s e  i n t e r a c t i o n s  can be mathematically desc r ibed  
through t h e  use  of quantum mechanical theory.  C a l c u l a t i o n s  of 

t h i s  n a t u r e  have been extremely s u c c e s s f u l  i n  d e s c r i b i n g  such 
p h y s i c a l  phenomena as adsorption‘’) , i n t e r l a y e r  b ind ing  
e n e r g i e s  i n  lamellar ma te r i a l s (2 ) ,  and t h e  d i r e c t i o n a l  pro- 
perties of chemical va lence  bonds ( 3 , 4 )  

An i n v e s t i g a t i v e  program based on t h i s  approach can pro- 
ceed i n  a logical  f a sh ion .  The s t r u c t u r e  of s o l i d  s u r f a c e s  
must be de f ined  b e f o r e  t h e  molecular  i n t e r a c t i o n s  l e a d i n g  t o  
f r i c t i o n  can be thoroughly understood, 
t h e  i d e a l  f r i c t i o n  i n t e r f a c e  (see F i g ,  1) can be established as 
t w o  p l ane  s u r f a c e s  w i t h  w e l l  de f ined  properties s e p a r a t e d  by 
a volume encompassing a p l ane  of ze ro  shear s t r e n g t h .  The 
basic steps i n  achiev ing  t h e  d e s i r e d  c o n d i t i o n s  are l isted 

below: 

When t h i s  i s  accomplished, 

1. D e f i n i t i o n  of i d e a l  s u r f a c e s  a t  OOK 
2. D e f i n i t i o n  of t h e  i n t e r a c t i o n s  of i n d i v i d u a l  molecules  

3 ,  D e f i n i t i o n  of t h e  i n t e r a c t i o n s  between groups of 
w i t h  ideal s u r f a c e s  a t  OOK 

molecules  ( la te ra l  i n t e r a c t i o n s )  on ideal  s u r f a c e s  
a t  OOK, 

4,  D e f i n i t i o n  of t h e  t h e r m a l  effects on t h e  i n t e r a c t i o n s  
a t  rea l  temperatures  

5 ,  D e f i n i t i o n  of t h e  e f f e c t s  caused by non-ideal s u r f a c e s  
a, D i s l o c a t i o n s  and c r y s t a l l i n e  imper fec t ions  
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b, Crystalline impurities 
c, Adsorbed impurities 

6. Definition of the interactions caused by the lateral 
transport of individual molecules and assemblages Of 
molecules across the surface 

7 ,  Mathematical formulation of molecules with ideal pro- 
perties, That is, once the molecular interactions 
which lead to friction between surfaces have been 
mathematically expressed (in terms of electron 
orbits, etc ) then it should be possible to mathe- 
matically formulate a molecular assemblage with ideal 
interface properties (zero friction) 

properties 
8. Physical synthesization of the materials with the ideal 

Two gross problems are apparent in the conduct of such an 
investigation First, our present knowledge and mathematical 
capabilities limit studies of surfaces to only the simplest 
cases. Second, the scope of work outlined above would require 
a mammoth expenditure of effort for completion, However, much 
of the ground work is already done and the required investigative 
tools are presently being developed. 

The structure of solid surfaces is being studied at 
laboratories throughout the world In addition to providing 
the required background technology, this research provides 
a supply of man-power already well versed in the investigative 
techniques, Also, the breadth of the problem can be con- 
siderably narrowed by considerations of the ultimate objectives. 
That is, by considering the physical requirements specifically 
for anti-friction system, constraints can be stated which 
narrow the conditions which need to be studied. 

Significant benefits will be derived from even partial 
completion of the proposed investigation, Any results which 
further the understanding of surface phenomena will immediately 
contribute to the experimental solution of the friction problem. 
The knowledge gained will also apply to many current research 
problems in other fields, 
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I '  

Since  t h e  l a w s  of n a t u r e  are u n i v e r s a l ,  t h e  basic under- 
s t a n d i n g  of t h e  molecular  n a t u r e  of f r i c t i o n  w i l l  e v e n t u a l l y  
be developed through research i n  o the r  d i s c i p l i n e s ,  
i f  t h e  r e s u l t s  are t o  be of  value i n  p rov id ing  working com- 
ponents  f o r  space v e h i c l e s  now i n  t h e  des ign  concept  stage, 
an organized  program such a s  t h a t  o u t l i n e d  above should be 

s ta r ted  wi thout  de l ay ,  

However, 

B o  Experimental  Approach 

Experimental  s t u d i e s  can  c o n t r i b u t e  t o  ou r  understanding 

of f r i c t i o n  i n  two ways: v e r i f i c a t i o n  of t h e  hypotheses de- 
veloped t h e o r e t i c a l l y ,  and d i s c l o s u r e  of unknown r e l a t i o n s h i p s  
o c c u r r i n g  i n  n a t u r e ,  The former becomes obvious as t h e  theoret-  

i ca l  approach i s  pursued, The l a t t e r  f o r m  an i n f i n i t e  set ,  
Theprograms sugges ted  b e l o w  are i n v e s t i g a t i o n s  which s e e m  t o  

o f f e r  p o t e n t i a l  i n  t h e  l a t t e r  manner based on o u r  c u r r e n t  
knowledge, 

1, I n v e s t i q a t i o n s  of t h e  In f luence  on F r i c t i o n  of Sur face  
Rouqhness? Sur face  Enerqy and Molecular D i s t r i b u t i o n  

The s u r f a c e  of an engineer ing  material may be c h a r a c t e r i z e d  
as a three dimensional  array of atoms and molecules  which  de- 

v i a t e s  p h y s i c a l l y  f r o m  a p lane  by d i s t a n c e s  mani fo ld ly  greater 
than  t h e  in t e rmolecu la r  spac ings?  and which  exis ts  i n  an energy 
s ta te  f a r  d i f f e r e n t  f r o m  t h a t  of t h e  bu lk  material .  I n  
a d d i t i o n ,  a s u r f a c e  d i f f e r s  f r o m  t h e  bu lk  i n  molecular  composi- 
t i o n  through t h e  mechanisms of d i f f u s i o n ,  chemical r e a c t i o n  
and adso rp t ion ;  such d i f f e r e n c e s  be ing  o f t e n  c o n t r o l l e d  by t h e  

e x t e r n a l  environment, Surface c o n d i t i o n s  govern,  i n  a large 

p a r t ,  t h e  observed f r i c t i o n  of t h e  u n l u b r i c a t e d  materials and 
t h e  e f f e c t i v e n e s s  of l u b r i c a n t s  i n  reducing  f r i c t i o n ,  I t  

seems necessa ry ,  t hen ,  t o  adequately d e f i n e  how s u r f a c e  condi- 
t i o n s  affect  f r i c t i o n  b e f o r e  durable  l o w  f r i c t i o n  i n t e r f a c e s  
can be genera ted ,  
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Both s u r f a c e  roughness and s u r f a c e  energy are i m p l i c i t l y  

i n t e r r e l a t e d  wi th  the d i s t r i b u t l o c  of atoms and molecules 
w i t h i n  t h e  L n t e r f a c i a l  volume These r e l a t i o n s h i p s  are d i s -  
cussed below and r e sea rch  1s sugges ted  € o r  f u r t h e r  e l u c i d a t i o n  
of t h e i r  e f f e c t s  on f r i c t i o n  and f o r  development of techniques  
t o  produce low f r i c t i o n  s u r f a c e s  

I n  t h e  s tudy  of low f r i c t i o n  s y s t e m s  invo lv ing  s o l i d  
s u r f a c e s  i t  has  been found t h a t  t h e  ploughing.  o r  deformation,  
a s p e c t  of f r i c t i o n  i s  o f t e n  n e g l i g i b l e .  and t h a t  f r i c t i o n a l  
f o r c e s  a r i s e  mainly through molecular  adhes ion ,  The roughness 
w h i c h  e x i s t s  on engineer ing  s u r f a c e s  thus  a f f e c t s  f r i c t i o n  i n  
t h r e e  manners: ( a )  a l t e r a t L o n  of t h e  c o n t a c t  area between su r -  
f a c e s  (b) impos i t ion  of s u r f a c e  s h e a r  s t r a i n s ,  and (c )  v a r i a t i o n  
of t h e  surface energy a v a i l a b l e  t o  form adhes ive  bonds, 

Although t h e  e f f e c t s  of roughness on f r i c t i o n  have been 
, and e l e g a n t  ex- ( 5 . 6 , 7 , 8 )  q u a l i t a t i v e l y  stated l n  some d e t a i l  

per imental  t e c h n i q u e s  have been devised  f o r  s u r f a c e  examinat ion,  
u s e f u l  q u a n t l t a t l v e  r e l a t i o n s h l p s  have n o t  been established, 

This 1s due,  i n  a l a r g e  p a r t ,  t o  t h e  complex forms which rough- 
nes s  can  assume and to t h e  v a r i a b l e  e f f e c t s  of contaminat ion 
of s u r f a c e s  i n  impure tnvironments  

Surface  energy s u r f a c e  t e n s l o n ,  and s u r f a c e  stress are 
t e r m s  desc r ib ing  v a r i a t l o n s  w h i c h  arise when a bu lk  material  
te rmina tes  i n  a boundary Sur face  f r e e  energy of a s o l i d  su r -  
f a c e  i s  t h e  r e v e r s i b l e  work of format ion  of a u n i t  a r e a  of  
s u r f a c e  f r o m  i n t e r i o r  molecules On t h e  o t h e r  hand, s u r f a c e  

t e n s i o n  i s  t h e  force per u n i t  d i s t a n c e  which i s  r e q u i r e d  t o  
overcome l a t e r a l  i n t e r a c t i o n s  between That i s ,  
s u r f a c e  energy describes c o n d i t i o n s  on a p l ane  p a r a l l e l  t o  t h e  
s u r f a c e  and s u r f a c e  t e n s i o n  i n v o l v e s  m o l e c u l a r  i n t e r a c t i o n s  on 
a p l ane  perpendicular  t o  t h e  sur f  ace. 

The e x i s t e n c e  of roughness t es t i f ies  t o  t h e  a b i l i t y  Of 

s o l i d  su r faces  t o  wl ths t and  stress wi thout  undergoing f l o w , ,  
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This implies that the surface energy need not be the lowest 
possible for that material and is not necessarily uniform, It 
also implies that a correspondence need not exist between free 
surface energy and surface tension, Because neither of these 
quantities is accessible to direct experimental measurement 
and theoretical predictions for engineering surfaces composed 
of various crystal lattice planes, grain boundaries, imperfections 
anc contaminant species are practically impossible, studies of 
their effects on friction have thus been limited to near perfect 
crystals (107117129139 l4I0 

lowest surface energy corresponds to crystalline planes having 
the closest molecular packing (maximum number of nearest 
neighbors) It should be expected, then, that frictional 
anisotropy should be observed in crystalline solids, Bowden 
has shown that the friction along the octahedral face,(lll) plane, 
of diamond (5,4 A per atom-surface energy 2 5000 ergs/cm is 
2 to 3 times lower than along the cube face,(100) plane (6 A 
per atom-surface energy 8000 ergs/cm I D  However, covalently 
bonded structures such as diamond show strong directionality 
in bond formation, and these relationships are not directly 
transferable to ionic or metallic materials, 

It has been established that the 

(10) 

02 2 
0 2  

2 

These observations suggest investigation of the effects 
of surface energy, surface tension, and molecular distribution 
on the friction of metallic engineering surfaces, 
reports that the static friction coefficient between oriented, 
oxide-free single crystals of copper is four times higher on 
the (100) face than on the (111) face, 
a correlation between surface energy (and surface tension) and 
the size of wear particles generated in sliding metal systems. 
The influence of lubricants and environmental contaminants in 
reducing adhesive bonding through lowering of surface energy 
has been experimentally demonstrated (l6I0 
similar quantitative relationships between kinetic friction, 
surface energy, and molecular distribution can be disalosed. 

Gwathmey (14) 

Rabino~icz(~’) has found 

It is expected that 
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Experiments should l o g i c a l l y  u t i l i z e  metal l ic  s u r f a c e s  
which are a s  uniform and composi t iona l ly  homogeneous as p o s s i b l e ,  
The p l a s t i c i t y  of metals compl ica tes  t h e  s tudy  and use  of t h e  
v a r i o u s  c r y s t a l l i n e  p lanes  i n  s l i d i n g  systems and t h e  l a r g e  i n -  
f l u e n c e  of microcontamination i m p o s e s  s e v e r e  experimental  
p r a c t i c a l  l i m i t a t i o n s .  

C e r t a i n  techniques  of mechanical p o l i s h i n g  c a n  produce 
m e t a l l i c  surfaces of high f l a t n e s s ,  smoothness, and un i fo rmi tyu  
Such s u r f a c e s  c o n t a i n  a Bie lby  (17) l a y e r  of amorphous mater ia l  

which has  flowed under t h e  p o l i s h i n g  a c t i o n ,  This  Bie lby  su r -  
f a c e  can then be used as a normalized s u b s t r a t e  f o r  i n v e s t i g a -  
t i n g  t h e  e f f e c t s  on f r i c t i o n  of v a r i o u s  s u r f a c e  t r ea tmen t s ,  

a ,  Adsorbed Orqanic F i l m s  

S ince  t h e  t i m e  of Hardy (18), t h e  lowering of f r i c t i o n  be- 

tween s o l i d s  by monomolecular  f i l m s  of o r g a n i c  compounds has  
r ece ived  cons ide rab le  s tudy  (’’) - 
formed a c a r e f u l  and sys t ema t i c  s tudy  of t h e  a c t i o n  of mono- 
l a y e r s  of  t h e  v a r i o u s  polar-nonpolar  compounds of va ry ing  

cha in  l eng ths ,  F r i c t i o n  c o e f f i c i e n t s  are r e a d i l y  reduced t o  
v a l u e s  on t h e  o r d e r  of 0 ,05  and are appa ren t ly  independent Of 

load, 

understood; however, s e v e r a l  f a c t o r s  show d e f i n i t e  i n f l u e n c e ,  

The monolayers adsorb w i t h  t h e i r  p o l a r  ends a t t a c h e d  t o  

t h e  s u b s t r a t e  and tend  t o  o r i e n t  i n  a t w o  dimensional  l a t t i ce  
dictated by t h e  p o l a r  group and t h e  c r y s t a l l i n i t y  of t h e  sub- 
s t ra te ,  For homologous series, t h e  s u r f a c e  t e n s i o n  (as d e s c r i b e d  
by c o n t a c t  ang le  measurements) decreases w i t h  i n c r e a s i n g  
molecular  weight ( i n c r e a s i n g  c h a i n  l e n g t h )  and reaches a l i m i t -  

i n g  v a l u e  which corresponds t o  a close packed a r r a y  of t h e  un- 
attached t e r m i n a l  groups.  F r i c t i o n  also decreases wi th  
i n c r e a s i n g  molecular  weight and r eaches  a l i m i t i n g  v a l u e  a t  

approximately t h e  same weight,  
depends both on t h e  type  of exposed end group and on t h e  n a t u r e  

has  per- Recent ly ,  Zisman 

The mechanism by which f r i c t i o n  i s  reduced i s  n o t  c l e a r l y  

The l i m i t i n g  v a l u e  Of f r i c t i o n  
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( 2 1 )  in of t h e  a t t a c h e d  polar group, This has  been a t t r i b u t e d  
part  t o  t h e  d i f f e r e n c e  i n  s i z e  between t h e  t w o  t e rmina l  
groups ,  which p reven t s  t h e  exposed s u r f a c e  from reaching  a 
c l o s e l y  packed c o n f i g u r a t i o n  ( e i g , ,  i n  t h e  case of f a t t y  acids 
t h e  polar acid groups each occupy - 2 1  sq A and t h e  nonpolar  
methyl groups occupy o n l y  18 sq A). 
f l u o r i n e  atoms f o r  hydrogen atoms i n  t h e  end group i n c r e a s e s  
t h e  diameter of t h e  group and decreases t h e  s u r f a c e  t e n s i o n  
as p r e d i c t e d  by theo ry ,  b u t  does n o t  reduce f r i c t i o n  as m i g h t  

be expected, 

0 
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Z i  sman ( 2 0 7 2 2 )  has shown t h a t  such monolayers m a y  be re- 
2 garded as so l ids  and can suppor t  loads of 70 kg/mm (107,OOOpsi) 

w i thou t  p e n e t r a t i o n ,  However, t h e  d u r a b i l i t y  and w e a r  l i f e  are 
l o w  under  dynamic c o n d i t i o n s ,  Recent developments of s i m i l a r  

s i l i c o n e  compounds €or l u b r i c a t i n g  aluminum ( 2 3 )  s h o w  t h a t  
adsorbed monolayers can be u t i l i z e d  t o  provide  l o w  f r i c t i o n  fo r  
extended periods i n  h igh ly  loaded mechanisms, 

I t  i s  sugges ted  t h a t  research be conducted t o  i n v e s t i g a t e  
t h e  a p p l i c a t i o n  of adsorbed o rgan ic  monolayers f o r  space 

mechanisms, 
activated by mechanical ly  working t h e  s u b s t r a t e  s u r f a c e s  ( t h e  

K r a m e r  effect)  under s o l u t i o n s  of t h e  adsorbates. Product ion  
of monolayers on Bielby s u r f a c e s  i n  t h i s  manner w i l l  provide 
f r i c t i o n  i n t e r f a c e s  approaching t h e  ideal ,  I n v e s t i g a t i o n s  may 
then  be performed of t h e  effects on f r i c t i o n  of s u r f a c e  energy ,  

s u r f a c e  t e n s i o n ,  and molecular  d i s t r i b u t i o n  by va ry ing  t h e  

molecular  species and packing i n  t h e  t e rmina l  groups,  O t h e r  

i n v e s t i g a t i o n s  should  be performed of t h e  effects of cross 
l i n k i n g  and otherwise modifying t h e  bulk  characterist ics of 

t h e  monolayers. 

Smith ( 2 4 y 2 5 )  has  shown t h a t  adso rb t ion  can be 

bo  Thin Metal F i l m s  

The advantages of us ing  metal f i l m s  f o r  producing l o w  
f r i c t i o n  i n  space a p p l i c a t i o n s  l i e  i n  t h e i r  thermal  s t a b i l i t y  
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and low volatility, In previous investigations, metals such 
as gallium (26 '  

such as Woodls metal (29 '  

tin eutectics ' 31) have provided effective lubrication under 
certain operating conditions, The lowest friction is derived 
with films of to em thickness which wet the substrate 
surface and whlch are operated at a temperature corresponding 
to a minimum shear strength, Effectiveness is lost as films 
are displaced or worn through, or when they react wlth 
atmospheric components or substrate constituents 

indlum and lead (27) and gold (28) ; and alloys 
Bismuth-lead ' 30 '  'I and gallium-indium- 

However, limited evidence exists which indicates that 
even lower friction may be obtained with thln metal films by 
an entirely different mechanism, The mechanism is not clearly 
understood, but is thought to arise from electrical influences 
at the film-substrate interface, Silver films deposited on 
certain crystals have exhibited a mobility corresponding to 
a shear strength well below that commonly associated with 
boundary lubrication 
ball bearlngs containing certain metals in their structure have 
provided lower frictlon than could be predicted from theirphysical 
properties and better lubrication than films of other metals 

The films with lower shear strength and melting points 
readily mrgrated over the bearing surface and acted as if in 
a liquid state, 

Barium films vacuum deposited on ( 3 2 )  

( 3 3 )  

It is suggested that investigations be undertaken to 
elucidate this mechanism for possible application to space 
bearings,, The Bielby surface can be logically used to provide 
a smooth, homogeneous substrate, Possibly, thin metal films 
may be replenished by incorporating the metal in the substrate 
structure or in porous secondary members of mechanisms, 

C Crystalline Surfaces 

Materials with layer lamellar crystal structures, such 
as graphite, MoS2, talc, etc,, havebng been used as lubricating 

, I  
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materials, Normally, t hey  are employed as f i n e  p a r t i c l e s  
(c rys ta l l i t es )  and r e t e n t i o n  i n  t h e  load  b e a r i n g  area has  been 
t h e  major problem i n  t h e i r  u se ,  The r e c e n t  search f o r  space 
l u b r i c a n t s  has improved t h e i r  u t i l i t y  through development of 
improved b i n d e r s  and a p p l i c a t i o n  t echn iques ,  b u t  has done 
l i t t l e  toward r e v e a l i n g  t h e  mechanism by which f r i c t i o n  i s  re- 
duced, Cur ren t  t h e o r i e s  a s c r i b e  t h e m  w i t h  a l o w  tendency t o  
f o r m  cohes ive  or  adhesive bonds on the i r  basal p l a n e s  due t o  
u t i l i z a t i o n  of a l l  a v a i l a b l e  bonding e l e c t r o n s  t o  form t h e  

s t r u c t u r e  o r  t o  s a t u r a t i o n  of bonds through adso rp t ion  of 
atmospheric components, 

I t  i s  sugges ted  t h a t  f r i c t i o n  i n t e r f a c e s  i n c o r p o r a t i n g  
these materials be s t u d i e d  t o  determine t h e  mechanism by which 

l o w  f r i c t i o n  i s  produced, Such informat ion  may be u t i l i z e d  i n  
producing l o w  f r i c t i o n  i n t e r f a c e s  i n  a c t u a l  b e a r i n g  systems, 

2, I n v e s t i q a t i o n s  of t h e  In f luence  on F r i c t i o n  of S u r f a c e  
Elec t r ic  E f f e c t s  

It  has been e s t a b l i s h e d  t h a t  f r i c t i o n  arises f r o m  t h e  

s a m e  forces which b i n d  atoms toge the r  and t h a t  these forces 
r e s u l t  f r o m  t h e  i n t e r a c t i o n  of the  e lectr ic  f i e l d s  formed by 
t h e  e l e c t r o n s  and pro tons  wi th in  t h e  atoms, Sur faces  f o r m  
e lectr ical  d i s c o n t i n u i t i e s ,  j u s t  as they  do physical dis-  

c o n t i n u i t i e s ,  and e l e c t r i c a l  phenomena ex is t  a t  s u r f a c e s  which  

are forb idden  i n  t h e  bulk ,  Q u i t e  o f t e n  n a t u r a l  phenomena act  
t o  i n c r e a s e  f r i c t i o n ,  H o w e v e r ,  a better unders tanding  of t h e  

e lectr ical  i n t e r a c t i o n s  can f a c i l i t a t e  t h e  product ion  of l o w  
f r i c t i o n  i n t e r f a c e s ,  

A r e l a t i o n s h i p  has been established between the  f r i c t i o n ,  
s u r f a c e  t e n s i o n  and i n t e r f a c i a l  p o t e n t i a l  of m e t a l s  i n  

F o r  minimum f r i c t i o n  and s u r f a c e  t e n s i o n ,  e l e c t r o l y t e s  
t h e  i n t e r f a c i a l  p o t e n t i a l  i s  a d j u s t e d  t o  a t t r a c t  p o s i t i v e  or 
n e g a t i v e  i o n s  t o  t h e  s u r f a c e s ,  The mutual r e p u l s i o n  i n  t h e  layer 
of i o n s  on t h e  s u r f a c e  reduces t h e  s u r f a c e  t e n s i o n ,  Add i t iona l  

(34j 
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i o n s  of oppos i te  charge accumulate i n  t h e  v i c i n i t y  of t h e  
s u r f a c e i  producing t h e  w e l l  known "double d i f f u s e  layer" ' ,  Two 

such l a y e r s  tend t o  r e p e l  each o t h e r  a t  r e l a t i v e l y  l a r g e  
d i s t a n c e s ,  probably account ing f o r  t h e  reduced f r i c t i o n ,  
double l a y e r s  a r e  induced through adsorp t ion  on s u r f a c e s  i n  
vacua, 
p a r a l l e l  t o  t h e  i n t e r f a c e  promotes ion  movement ( 5 )  and could 

presumably f u r t h e r  reduce f r i c t i o n ,  

S i m i l a r  

Applicat ion of an e l e c t r o s t a t i c  p o t e n t i a l  g r a d i e n t  

The development of l a s e r  a c t i o n ,  a n i s o t r o p i c a l l y  conduct ive 
semiconductors,  and superconduct ing m a t e r l a l s  p o i n t s  t o  
a d d i t l o n a l  techniques f o r  modifying t h e  energy l e v e l s  and 
charge accumulations a t  f r i c t i o n  i n t e r f a c e s ,  

A permanent p o l a r i z a t l o n  can be e f f e c t e d  i n  c e r t a i n  
d i e l e c t r i c s  (35 )  

charges  as high a s  3 x coulombs/m i n  waxes and 1 , 5  x 10 

coulombs/m i n  c e r t a l n  p l a s t i c s ,  When induced i n  a f r i c t l o n  
i n t e r f a c e ,  t h e s e  s u r f a c e  charges could provide bea r ing  suppor t s  
of 100 n/m2 (0 ,015  p s i )  and 2560 n/m 
This compares favorably  w i t h  an e x i s t i n g  gyroscope e lec t r ic  
suppor t  ( 3 6 )  of 1500 n/m 
electric f i e l d  r e f l e c t s  an o r d e r l y  d i s t r i b u t i o n  of e lectr ic  
d i p o l e s  which  could be used t o  promote adso rp t ion  of molecular  
s p e c i e s  t o  f u r t h e r  reduce f r i c t i o n ,  

T h i s  p o l a r i z a t i o n  induces sur f  ace e lectr lc  
2 -4 

2 

2 ( 0 , 3 8  p s i )  r e s p e c t i v e l y  

2 (0,22 p s i ) ,  I n  a d d i t i o n .  t h e  s u r f a c e  

I t  1s suggested t h a t  i n v e s t i g a t i o n s  be undertaken of 
f r i c t i o n  reduct ion  through modi f ica t ion  of s u r f a c e  e l e c t r i c a l  
p r o p e r t i e s ,  I n  p a r t i c u l a r ,  t h e  accumulation of s e l e c t e d  
molecular  spec ie s  a t  t h e  f r i c t i o n  i n t e r f a c e  through d i p o l e  
a t t r a c t i o n ,  and t h e  modi f ica t ion  of s u r f a c e s  t o  reduce t h e  

e l e c t r i c a l  f o r c e s  g iv ing  rise t o  f r i c t i o n  s e e m  most promising, 
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I V ,  EXPERIMENTAL INVESTIGATION O F  VACUUM F R I C T I O N  

A, Obi ec t i v e  

The objective of t h e  experimental  i n v e s t i g a t i o n s  conducted 
i n  t h i s  program w a s  t o  e s t a b l i s h  techniques  f o r  provid ing  a 

composite v i e w  of t h e  f r i c t i o n  i n t e r f a c e ,  Previous fundamental 
i n v e s t i g a t i o n s  of f r i c t i o n  have been concerned wi th  p h y s i c a l ,  
chemical ,  o r  e lec t r ica l  phenomena a t  t h e  i n t e r f a c e ,  b u t  seldom 
have a l l  t h r e e  been i n v e s t i g a t e d  s imul taneous ly ,  I t  i s  thought  
t h a t  a composite p i c t u r e  i s  r equ i r ed  f o r  complete understanding 
of  t h e  f r i c t i o n  process, 

B o  Experimental  Procedures and Equipment 

The l i m i t e d  t i m e  and funds f o r  t h i s  p o r t i o n  of  t h e  pro- 

gram restricted bo th  t h e  number of techniques  which could  be 

u t i l i z e d  and t h e  types of f r i c t i o n  i n t e r f a c e s  which  could be 

i n v e s t i g a t e d ,  
w i th  known l o w  f r i c t i o n  p r o p e r t i e s  should be i n v e s t i g a t e d  t o  
derive an unders tanding  of t h e  i n t e r a c t i o n s  producing l o w  
f r i c t i o n ,  Materials of l a y e r  lamellar  c r y s t a l  s t r u c t u r e  w e r e  
u t i l i z e d  i n  t h e  form of  t h i n  f i l m s  p h y s i c a l l y  a p p l i e d  t o  
m e t a l  s u b s t r a t e s ,  

I t  w a s  decided t h a t  i n t e r f a c e s  of m a t e r i a l s  

The f r i c t i o n  i n t e r f a c e s  w e r e  s t u d i e d  i n  an u l t r a  h igh  
vacuum f r i c t i o n  appara tus  (Fig.  2)0 Experimental  t echniques  
which w e r e  employed inc luded  X-ray d i f f r a c t i o n ,  c o n t a c t  

p o t e n t i a l  measurements, and r e s i d u a l  gas m a s s  spectrometry,  
The parameters which w e r e  i n v e s t i g a t e d  f o r  t h e i r  e f f e c t  on 
f r i c t i o n  w e r e :  (1) i n t e r f a c i a l  molecular  composi t ion,  ( 2 )  

c r y s t a l  l a t t i c e  spac ing ,  and (3)  s u r f a c e  c o n t a c t  p o t e n t i a l  
as a f f e c t e d  by s l i d i n g  and by adso rp t ion  of gaseous species, 

The test specimen geometry w a s  t h a t  of a sphere  on a 

f l a t ,  as shown i n  F ig .  3, A 9.5 mm (3/8 i n .  ) diameter  sphe re  
w a s  loaded on to  t h e  f l a t  s u b s t r a t e  c o n t a i n i n g  t h e  s u r f a c e  f i l m  
of  material  under s tudy ,  The sphe res  w e r e  s t anda rd  440C 
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s t a i n l e s s  s teel  b a l l s  of t h e  t ype  used i n  b a l l  bea r lngs  The 

f l a t  copper s u b s t r a t e s  w e r e  p o l i s h e d  wi th  c rocus  c l o t h  and had 
a Vickers  hardness  of 5 7  (100 g load)  The f l a t  w a s  re- 

c ip roca ted  under t h e  sphere  wl th  s l i d i n g  speeds of 420 and 
8 5 microns per second The sphere was loaded and con t r a ined  
from o u t s i d e  t h e  vacuum vesse l ,  and t h e  f r i c t i o n  and load  w e r e  
measured I n s i d e  t h e  v e s s e l  w i th  e l e c t r i c a l  r e s i s t a n c e  type 
s t r a i n  g a u g e s  (sultably modified f o r  U H V  u s e )  

Contact p o t e n t i a l  measurement was s e l e c t e d  a s  a means Of 

c h a r a c t e r i z l n g  t h e  e lec t r ica l  s ta te  of t h e  f r i c t i o n  i n t e r f a c e  
Contact  p o t e n t i a l  i s  t h e  p o t e n t i a l  d i f f e r e n c e  t h a t  is  e s t a b l i s h e d  
between t h e  two phases when t h e y  are e lec t r ica l ly  connected 
B a s i c a l l y  i t  describes t h e  work r e q u i r e d  t o  b r i n g  a small 
amount of charged species from LnfLnity t o  a p o i n t  deep w i t h i n  
t h e  phase I t  r e f l e c t s  a number of e f f e c t s  i n c l u d i n g  e x t r a c t l o n  
of  e l e c t r o n s  from t h e  phase ( e l e c t r o n l c  work function) and t h e  
e l e c t r o s t . a t l c  e f f e c t  of t h e  Dipole  Sheath (double l a y e r )  ex is t -  
ing  a t  t he  surface Measurements of con tac t  p o t e n t l a 1  were 
made by the  v i b r a t i n g  capacitor technique  I n  using t h i s  

technique ,  t h e  reed  shown i n  F i g  3 was h e l d  c lose t o  t h e  
f r i c t i o n  surface and v i b r a t e d  normal t o  t h e  s u r f a c e  with a 

s m a l l  amplitude a t  1713 cps  The v i b r a t i o n  w a s  supp l i ed  by 
a loud-speaker mounted e x t e r n a l l y  t o  t h e  vacuum vessel. The 
basic measurement technique  i s  shown schemat i ca l ly  i n  F i g  4 
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The v i b r a t i n g  reed (1) and t h e  f r i c t i o n  s u r f a c e  ( 2 )  are electri- 
c a l l y  connected i n  t h e  c i r c u i t  shown. 
i s  supp l i ed  t o  cance l  o u t  t h e  n a t u r a l l y  occur r ing  real  p o t e n t i a l  
between the  two su r faces .  This r e a l  p o t e n t i a l  i s  measured on 
t h e  o s c i l l o s c o p e  ( 4 )  with  v a r i a b l e  r e s i s t o r  (5 )  p o s i t i o n e d  a t  
IlAll . The reed  and f r i c t i o n  surface f o r m  t w o  p l a t e s  of a 
c a p a c i t o r ,  and, when v i b r a t i o n  i s  p r e s e n t ,  impose an AC s i g n a l  

A source  of vo l t age  ( 3 )  

on the  osc i l l o scope .  By a d j u s t i n g  t h e  v a r i a b l e  r e s i s t o r  t o  IIB'I 7 

t h e  p o t e n t i a l  d i f f e r e n c e  between t h e  p l a t e s  i s  n u l l e d  and t h e  

AC s i g n a l  d i sappears .  The con tac t  p o t e n t i a l  i s  then r ead  as 
t h e  v o l t a g e  d i f f e r e n c e  between "A" and "Bl'. A c o n t a c t  po t e n  ti a1 

scan of t h e  f r i c t i o n  s u r f a c e  can be made by moving t h e  reed 
p a r a l l e l  t o  t h e  s u r f a c e  i n  a d i r e c t i o n  normal t o  t h e  f r i c t i o n  
track. 

The vacuum system employed both s p u t t e r - i o n  pumping and 
g e t t e r  pumping from evaporated t i t an ium f i l m s .  
speeds w e r e  nominal ly  500 l / s ec  f o r  t h e  ion  pump, which 

diminished t o  a very  low va lue  a t  p re s su res  b e l o w  1 x 10  
t o r r ,  and approximately 2000 l/sec f o r  t h e  getter pump. The 
t o t a l  chamber p res su re  w a s  measured w i t h  a Redhead Magnetron 
i o n i z a t i o n  gauge. Par t ia l  p re s su res  of gases  i n  t h e  system 
w e r e  determined wi th  an u l t r a  high vacuum m a s s  spectrometer  
of t h e  60 degree sector f i e l d  type. 

The pumping 

-10 

/ C. Experimental  Techniques 

Pre l iminary  experiments  i n  a i r  showed t h a t  r ep roduc ib le  
tes t  specimens could be produced by hand rubbing powders of t h e  

materials be ing  s t u d i e d  onto  metal  s u b s t r a t e s .  Although t h e  

d u r a b i l i t y  of t h e  f i l m s  w a s  l imi t ed ,  t h e  f r i c t i o n  l e v e l  re- 
mained a t  a l o w ,  c o n s t a n t  value c h a r a c t e r i s t i c  of t h e  material 
i t se l f  f o r  a p e r i o d  much longer  than  t h a t  r e q u i r e d  f o r  t h e  

vacuum tests. I n  a d d i t i o n ,  con tac t  p o t e n t i a l  measurements 
gave va lues  w h i c h  w e r e  reproducib le  f o r  t h e  v a r i o u s  f i l m  

m a t e r i a l s  and which w e r e  independent of t h e  s u b s t r a t e  materials. 
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No attempt was made to further optlmize or refine the test 
specimen preparatlon, slnce all the work accomplished here 
was considered preliminaryG 

Samples of micron-size powders of M 0 S 2  refined from 
natural molybdenite were obtained from two suppliers No 
difference in measurable properties was noted between the 
samples Samples of synthetic powders of WS2. WSe2Q WTe2 
MoSe2, and MoTe2 were also obtained , 

* 

The studies of crystal lattlce spacing effects on friction 
consisted of alloying mixtures of these powders to produce 
crystals with expanded interlamellar distances , and comparing 
the frictional properties of films of these alloys with those 
of the unalloyed materials It was originally theorized that 
if materials with similar crystal structure could be alloyed, 
then the dlfferences in atom sizes would produce a distorted 
crystal; eogc if WSe2 could be alloyed into WS2+ then the 
larger selenium atoms would produce a lattice expanslon in the 
WS2 crystal 
spacing is important in determining friction, then these 
materials with expanded interlamellar distances should exhibit 
lower fraction than either of the unalloyed materials, 

It was also theorized that if crystal lattice 

Various mixtures of the powders were compacted into 
pellets which were heat treated in glass vials in argon 
atmospheres, The effects of the treatments were measured by 
X-ray diffraction and the lattice constants were determined both 
by plots on a Hull-Davy chart and by computer analysis, It 
was determined by preliminary experimentation that alloying 
could be accomplished and that the lattice was expanded with 
several different mixtures of the materials Optimum results 

-__-_-------- 
* 
Initial samples of WSe2' WTe2? MoSe 
by Dr I Himes 

and MoTe2 were supplied 
Battelle Memorial Insgitute, 
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w e r e  achieved w i t h  a 1000°C heat  t rea tment  f o r  24 hours.  Summary 
d a t a  f o r  the  i n d i v i d u a l  powders and t h e  best a l l o y s  a r e  

presented  i n  Table 1. 

The materials, as rece ived  from t h e  s u p p l i e r ,  conta ined  
cons ide rab le  c r y s t a l  d i s t o r t i o n ,  probably i n c u r r e d  i n  t h e  

p u l v e r i z i n g  process .  I n  some c a s e s ,  the  m a t e r i a l s  r e q u i r e d  
annea l ing  be fo re  sha rp  X-ray d i f f r a c t i o n  p a t t e r n s  could be ob- 
t a ined .  The annea l ing  of t h e  pure p o w d e r s  w a s  done under t h e  

same cond i t ions  as t h e  a l loy ing  of t h e  mixtures .  

The i n v e s t i g a t i o n  of t h e  e f f e c t s  of adso rp t ion  on f r i c t i o n  
w a s  accomplished by measuring t h e  f r i c t i o n  and c o n t a c t  p o t e n t i a l  
of t h e  f r i c t i o n  specimens a f t e r  v a r i o u s  procedures  of vacuum 
exposure and thermal  degassing. M a s s  spec t romet r i c  ana lyses  
of the  r e s i d u a l  gases  i n  t h e  vacuum v e s s e l  w e r e  made b e f o r e  
and du r ing  t h e  f r i c t i o n  process  t o  monitor f r i c t i o n a l  de- 
s o r p t i o n  from t h e  s o l i d  f i lms .  Oxygen and methane w e r e  
admit ted t o  t h e  chamber t o  determine t h e  effects of adso rp t ion  
of t h e s e  gases  on t h e  f r i c t i o n  and c o n t a c t  p o t e n t i a l  of MOS2e 

The f r i c t i o n  appara tus  was equipped t o  provide  s l i d i n g  
speeds i n  t h e  range of 8.5 t o  420 microns per second, These 
slow speeds w e r e  s e l e c t e d  t o  avoid changes i n  s u r f a c e  pro- 
p e r t i e s  due t o  f r i c t i o n a l  hea t ing .  N o  measurable d i f f e r e n c e s  
i n  f r i c t i o n  l e v e l  w e r e  noted between 8.5 and 420 microns per 
second. Therefore ,  a l l  experiments w e r e  conducted a t  t h e  

h ighe r  speed to  f a c i l i t a t e  d a t a  record ing ,  except  as noted 
hereafter. 

D. E f f e c t s  of Mate r i a l  Composition and Lat t ice  Spacinq 

on F r i c t i o n  

Materials whose l a t t i ce  s t r u c t u r e  had been m o s t  n o t i c e a b l y  
modif ied by a l l o y i n g  (see Table 1) w e r e  eva lua ted  f o r  f r i c t i o n a l  
performance i n  a i r  and i n  u l t r a  high vacua. F r i c t i o n  t e s t i n g  
w a s  accomplished by i n i t i a l l y  applying a l i g h t  l oad  (2-5g1, 
s l i d i n g  t h e  specimen under the  ba l l  and measuring t h e  f r i c t i o n  
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dater ial 
(Anqstrom Units), 

! 

MoS2 

MoSe2 

MoTe2 

2/3MoTe2 

1/3MoSe2 

2/3MoTe2 

1/3MoSe2 

+ 

+ 

ws2 

WSe2 

wre 

2/3WSe2 
+ 

1/3ws2 

2/3wse2 
+ 

1/3WS2 

TABLE 1- LATTICE CONSTANTS OF MATERIALS FROM 
DETERMINATIONS ON THIS PROGRAM 

Heat Treated(1) 

Heat Treated(1) 

As Received 

Heat Treated 

Heat Treated 

Heat Treated (1) 

Heat Treated(1) 

Heat Trea.ted 

Heat Treated 

I 
I I 3.3990 1 13.5642 
I I 

I 
I 

I 

3.5184 13,9400 ! 
I 
: 

1 
i 3.4161 E 

\ 

1 3.2916 

L 
I 
i 

1 
3.1610 

I 
I 

3.2868 

I 3=1928 
3.2283 

13.6959 

12.9582 

12,3678 

12.9649 

(2) 

13.1396 

22.8131 

-- 

3,9906 

3.9614 

4.0092 

3.9369 

3,9126 

3.9445 

( 2 )  

4.1154 

3.9689 

Chart 

3-88 

3.94 

3.93 

4.02 

4.02 

3.92 

3.95 

1 

1 
I 
I 
1 
1 

r~ 

I, 

I 

3.96 

.I 
(1) Heat treatment required to obtain accurate lattice Constant 

determination 

(2) N o t  indexed since structure is orthorhombic. <, n 

Values abtalned from literature give a=14.028 A,b”3.495 A ,  
~=6.270 A. 
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I .  

in both sliding directions. The load was incrementally in- 
creased to a maximum of 250 g. In most cases, the friction 
was also measured in the same track as the load was decreased. 
In these tests, no difference in friction was noted between 
the increasing application of load and the decreasing one. 

The results of the friction tests with modified lattice 
materials are Shown in Fig. 5. Although the two materials 
studied had almost identical crystal structure, the friction 
performance of the molybdenum alloy was poor, while that of 
the tungsten alloy was good. However, the performance of the 
tungsten alloy was not superior to that of pure powders of 
WS2 and WSe2. 
cannot be considered conclusive, the indications are that 
lattice spacing does not play a predominant role in promoting 
low friction with materials of this type. 

Although the results of such limited testing 

The effect of annealing on the vacuum friction of MoS2 
is shown on Fig. 6. It was originally thought that the lower 
friction exhibited by the annealed MoS2 could be attributed to 
the relaxation of the crystal distortions produced by the 
manufacturing process, However, the friction differences were 
later explained as adsorption phenomena. Similarly, the re- 
duction in friction with the "as received" powder upon diminish- 
ing load was originally attributed to orientation of the MoS2 
crystallites in the friction track by the friction process. 
However, this was also shown to be an adsorption effect. 

E. Effects of Gas Adsorption on Friction 

Generally, the effect of gas adsorption on MoS2 and related 
materials is one of increased friction. This effect, which has 
been observed by others, was confirmed in these experiments 
and is in direct contrast to the case of graphite which requires 
adsorbed gas species for low friction. This effect can be seen 
in Fig. 5, in which the friction of the tungsten alloy is. lower 
in vacua than in air, and in Figs. 7 and 8 which show the 
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f r i c t i o n  of MoS2 a t  v a r i o u s  l e v e l s  of  vacua, The r e s u l t s  are ex- 
p l a i n e d  as fol lows:  
an absorbant  i n t o  t h e  c r y s t a l  l a t t i c e  o r  as an adsorbed l a y e r  
on t h e  c r y s t a l l i t e s  s u r f a c e ,  The contaminant can be desorbed 
b o t h  mechanically by t h e  f r i c t i o n  process and the rma l ly  by 
vacuum bake and by t h e  h e a t  t r ea tmen t  i n  argon. 
vacua f o r  extended p e r i o d s ,  t h e  s u r f a c e s  become recontaminated. 
Evidence suppor t ing  t h i s  exp lana t ion  i s  seen  i n  t h e  f i g u r e s ,  

I n  F ig .  7 ,  i t  can be seen t h a t  t h e  f r i c t i o n  of unbaked "as re- 
ceived" MoS2 is somewhat l o w e r  a t  1 x than  a t  a tmospheric  
p r e s s u r e .  I n  a d d i t i o n ,  t h e  f r i c t i o n  i n  vacuum shows a dependence 
on s l i d i n g  h i s t o r y  which i s  n o t  no ted  i n  a i r ,  Upon i n i t i a l  i n -  
crease i n  load ,  t h e  f r i c t i o n  c o e f f i c i e n t  decreases uniformly. 
Decreasing t h e  load  i n  a i r  causes  t h e  f r i c t i o n  c o e f f i c i e n t  t o  
retrace t h e  o r i g i n a l  curve.  The vacuum f r i c t i o n  c o e f f i c i e n t ,  
however, traces a new curve  wi th  l o w e r  v a l u e s  upon dec reas ing  
t h e  load ,  (The f l a g s  on t h e  data p o i n t s  i n d i c a t e  t h e  d i r e c t i o n  
of l o a d  change).  This  e f f e c t  i s  i n t e r p r e t e d  as f r i c t i o n a l  de- 

s o r p t i o n  of contaminant gases * 

A contaminant species i s  p r e s e n t  e i t h e r  as 

Upon s t and ing  i n  

Upon baking of t h e  vacuum system a t  25Q°C, t h e  p r e s s u r e  w a s  
reduced t o  t h e  lo-' torr range ,  and t h e  f r i c t i o n  i n  t h e  same 
track inc reased  t o  a h ighe r  level.  However, i t  i s  noted  t h a t  
s u f f i c i e n t  t i m e  e l apsed  f o r  t h e  s u r f a c e  t o  become recontaminated,  
even a t  these reduced p r e s s u r e  l e v e l s .  

Upon f u r t h e r  baking and pumping, t h e  p r e s s u r e  w a s  decreased  
t o  t h e  10-l' t o r r  range. 
same i n i t i a l  load  d i r e c t i o n  s e n s i t i v i t y ,  as shown by  t h e  c u r v e i n  
F i g u  8. However, a t  t h e s e  p r e s s u r e s ,  t h e  t i m e  r e q u i r e d  f o r  recon- 
tamina t ion  i s  ex tended ,  and  subsequent  f r i c t i o n  measurements i n  
t h i s  t r a c k  retraced t h e  l o w e r  curve  ( w i t h i n  exper imenta l  e r ror ) ,  

F r i c t i o n  i n  a new track e x h i b i t e d  t h e  

Contact p o t e n t i a l  and mass spectrometric r e s i d u a l  gas 

measurements provided a d d i t i o n a l  i n s i g h t  i n t o  t h e  adso rp t ion  
phenomena, 

f i l m s  on var ious  m e t a l  s u b s t r a t e s  gave c o n t a c t  p o t e n t i a l  v a l u e s  
Measurements i n  a i r  of und i s tu rbed  heavy MOS2 
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1 

* + of +0,390 - 0,010 v o l t s  . Subsequent measurements i n  vacua gave 
v a l u e s  of  +0.130 - 0.050 w i t h  some dependence on h is tory  

( p r e s s u r e  l eve l ,  vacuum exposure t i m e ,  t empera ture  h i s t r o y ) .  
Contac t  p o t e n t i a l  s cans  across t h e  specimen s u r f a c e  a t  v a r i o u s  
t i m e s  a f te r  f r i c t i o n  tests are shown i n  F i g ,  9. Curve A shows  

t h e  c o n t a c t  p o t e n t i a l  of t h e  s u r f a c e  after 43 hours  exposure 
t o  high vacuum subsequent  t o  t h e  f r i c t i o n  tes t  shown i n  F ig .  7, 

Curve B shows the  c o n t a c t  p o t e n t i a l  fo l lowing  t h e  f i r s t  f r i c t i o n  
test  shown i n  F i g .  8. E i g h t e e n  hours  a f te r  t h i s  l a t t e r  track 
w a s  made, a t h i r d  f r i c t i o n  test  w a s  made i n  a new track a d j a c e n t  
t o  t h e  f irst .  The t r a c k s  a r e  about 0 - 2 5  mm w i d e  and are spaced 

about  1 mm a p a r t ,  The remaining curves  s h o w  t h e  subsequent con- 
t ac t  p o t e n t i a l  changes as a func t ion  of t i m e  between f r i c t i o n  
t e s t  and c o n t a c t  p o t e n t i a l  measurement. 

+ 

I 

I t  i s  noted  t h a t  t h e  peak c o n t a c t  p o t e n t i a l  of the  l e f t  

hand track diminished o n l y  50 m i l l i v o l t s  d u r i n g  t h e  18 hours  
between t h e  second and t h i r d  f r i c t i o n  tests, b u t  decayed a t  a 

much faster rate a f te r  t h e  r i g h t  hand track w a s  run,  I t  

appears t h a t  contaminant s p e c i e s  w e r e  desorbed by f r i c t i o n  
on t h e  r i g h t  track and subsequent ly  contaminated t h e  l e f t  

track to  produce t h e  noted  r e s u l t s .  

F i g u r e  10 shows s i m i l a r  c o n t a c t  p o t e n t i a l  s cans  f o r  t h e  
molybdenum a l loy  which e x h i b i t e d  poor f r i c t i o n  performance 

characteristics. The c o n t a c t  p o t e n t i a l  of t h i s  s u r f a c e  de- 

creased immediately fo l lowing  f r i c t i o n  and then  i n c r e a s e d  t o  
a much higher v a l u e  after vacuum exposure,  I t  i s  seen t h a t  
t h e  adso rp t ion  effects are much greater w i t h  t h i s  material 
t han  w i t h  M o S 2 '  

* 
A l l  v a l u e s  are referred t o  t h e  gold r e f e r e n c e  s u r f a c e .  
E l e c t r o n i c  w o r k  f u n c t i o n s  of t h e  s u r f a c e s  may be ob ta ined  
by adding o r  s u b t r a c t i n g  the  c o n t a c t  p o t e n t i a l  va lues  t o  t h e  
w o r k  f u n c t i o n  of gold  (+ 4.46 v o l t s )  as i n d i c a t e d  by t h e  s i g n .  
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Libe ra t ion  of gas from MoS2 by f r i c t i o n  has  been observed 
(38) by t h i s  w r i t e r  ( 3 7 )  i n  previous experiments  and by o t h e r s  

as an inc rease  i n  vacuum chamber p re s su re  dur ing  s l i d i n g ,  and 
a t tempts  have been made t o  de f ine  t h e  gaseous s p e c i e s  by 

- $ 1  
mass spec t romet r ic  means 
p re s su re  w a s  observed i n  any of t h e  f r i c t i o n  experiments  con- 
ducted on t h i s  program, probably because t h e  extremely slow 
s l i d i n g  speeds desorbed gases  a t  too slow a r a t e .  However, 
f r i c t i o n a l  deso rp t ion  was d e f i n i t e l y  i n d i c a t e d  i n  bo th  f r i c t i o n  
and contac t  p o t e n t i a l  measurements, so a s e n s i t i v e  m a s s  spec t ro-  
m e t e r  gas ana lyzer  w a s  a t t ached  t o  t h e  vacuum system t o  monitor  
t h e  vacuum chamber gases  dur ing  t h e  f r i c t i o n  process ,  M a s s  

spectrometer  t r a c e s  w e r e  taken du r ing  f r i c t i o n  experiments  wl th  
M 0 S 2  and w i t h  t h e  expanded l a t t i c e  a l l o y s  under s l i d i n g  a t  
8.5 and 4 2 0  microns per  second. The mass peak h e i g h t s  which 
changed s i g n i f i c a n t l y  dur ing  f r i c t i o n  are shown i n  F ig .  11. 

The peak he igh t s  are shown i n  p r e s s u r e  u n i t s  ( t o r r )  and t h e  

most probable gas spec ie s  a s s o c i a t e d  wi th  each peak are i n -  
d i ca t ed .  S i n c e  t h e  m a s s  spectrometer  was new, no c racking  
p a t t e r n s  had been e s t a b l i s h e d  f o r  t h e  u n i t  and thus  no 
accu ra t e  de te rmina t ion  of p a r t i a l  p re s su res  of i n d i v i d u a l  
gas  spec ies  could be made, I t  i s  noted ,  however, t h a t  t h e  

major changes occurred  w i t h  peaks a s s o c i a t e d  wi th  atmospheric  
gases  and low molecular  weight hydrocarbons.  

( 3 9 )  ?No i n c r e a s e  i n  t o t a l  chamber 

Tests w e r e  t h e n  programmed i n  which contaminant gases  
w e r e  d e l i b e r a t e l y  in t roduced  i n t o  t h e  vacuum v e s s e l  dur ing  
f r i c t i o n  experiments .  Because of t i m e  l i m i t a t i o n s ,  on ly  
tests w i t h  oxygen and methane contaminat ion w e r e  accomplished. 
The r e s u l t s  a r e  shown i n  F i g s .  1 2  and 13, A f t e r  measuring 
t h e  f r i c t i o n  and con tac t  p o t e n t i a l  of M o S 2  i n  a f r e s h  t r a c k  
a t  1 , 5  x 10 -lo t o r r ,  oxygen w a s  admit ted t o  t h e  vacuum v e s s e l  
t o  a pressure  of 9.2 x lo-’. 
t h a t  t h e  oxygen p a r t i a l  p r e s s u r e  w a s  t hus  i n c r e a s e d  by a f a c t o r  

Mass spectrometer  t r a c e s  i n d i c a t e d  
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Fig 10a - MoS2 (Annealed) 
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Fig 1Oc - MoSe2-k MoTe 
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of approximately 350, F r i c t i o n  and c o n t a c t  p o t e n t i a l  measure- 
ments w e r e  made i n  t h e  same t r a c k  a f t e r  35 minutes  exposure 
t o  t h i s  environment, 

The chamber w a s  than  reevacuated t o  a p r e s s u r e  of 

7 - 2  x 10 -lo t o r r  and methane admit ted t o  raise t h e  p r e s s u r e  
t o  2,O x lo-* t o r r ,  t h u s  i n c r e a s i n g  t h e  methane c o n c e n t r a t i o n  
by a factor  of 30. F r i c t i o n  and c o n t a c t  p o t e n t i a l  w e r e  aga in  
measured i n  t h e  same t r a c k  a f te r  a s i m i l a r  exposure pe r iod ,  
The f r i c t i o n  of MoS2 showed a s l i g h t  dec rease  w i t h  t h e  i n t r o -  
duc t ion  of oxygen and methane, ra ther  than t h e  expec ted  i n -  
crease, H o w e v e r ,  t h e  c o n t a c t  p o t e n t i a l  remained v i r t u a l l y  
unchanged d u r i n g  t h e  e n t i r e  contamination experiment ,  as shown 
i n  F i g o  1 3  The measurements made du r ing  methane contaminat ion 
are omitted f r o m  t h e  f i g u r e  f o r  c l a r i t y ,  b u t  are e s s e n t i a l l y  
t h e  same, Even af ter  60 hours  subsequent  exposure t o  t h e  

vacuum environment,  t h e  con tac t  p o t e n t i a l  w a s  u n a l t e r e d ,  

* 

F .  Conclusions 

The  s p e c i f i c  conclus ions  reached f r o m  t h e  experiments  con- 
duc ted  on t h i s  program are: 

1, The low f r i c t i o n  observed w i t h  some materials w i t h  
layer lamellar hexagonal c r y s t a l  s t r u c t u r e s  i s  n o t  an 
i n h e r e n t  characterist ic of t h i s  class 

2. Expansion of t h e  c r y s t a l  l a t t i ce s  of hexagonal l a y e r  
lamellar materials does n o t  apprec i ab ly  a l t e r  t h e i r  
f r i c t i o n a l  p r o p e r t i e s  

3, Both n a t u r a l  and s y n t h e t i c  materials of t h i s  class 
c o n t a i n  contaminant adsorbed or  absorbed species 
which  i n c r e a s e  t h e i r  f r i c t i o n ,  Such s p e c i e s  are 
e i ther  v e r y  l o w  concen t r a t ions  of atmospheric gases 
o r  are materials which 
system before reaching 

w i l l  condense i n  a vacuum 
a m a s s  spec t rometer  t ube  

* 
The minor peak t o  t h e  r i g h t  i n  
an earlier f r i c t i o n  experiment 

t h e  f i g u r e  i s  associated w i t h  
w i t h  t h e  same specimen. 
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4, Molybdenum disulfide surfaces show a remarkable in- 
sensitivity to external contamination by oxygen, 
methane, and residual gases in vacuum systems (as 
determined by contact potential measurements), al- 
though they can be self-contaminated if the material 
is not thoroughly degassed 

Contact potential measurements can be effectively 
used in vacuum friction studies to characterize 
the electrical state of friction surfaces and to 
observe adsorption phenomena 

5. 

NO conclusions have been formed from these experiments 
concerning the molecular nature of friction or the molecular 
interactions which comprise it. 
does not allow for this, It is believed, however, that the 
low inherent friction of MoS2 and related substances can be 
attributed to a saturation of the available bonding forces 
within the molecular structure, leaving only weak attractive 
forces to hold the crystal together and to promote friction 
upon sliding. 
measured friction levels between the two different alloys 
studied on this program can also be attributed to the availability 
of bonding mechanisms at the crystallite surfaces. 
bond availability probably controls adsorption of gases which, 
in turn, further affect friction. 

Such limited experimentation 

It is also believed that the variance in 

This same 

It has been shown that the techniques used in these 
studies can contribute significantly to the understanding of 
the fundamental processes involved in friction, and to the 
development of interfaces with low friction properties. 
Specifically, the use of ultra high vacua extends the time 
available for measurements of gas-surface interactions to 
permit careful, quantitative studies: contact potential measure- 
ments provide a convenient, speedy means for characterizing 
the electrical state of friction surfaces and for quantitatively 
defining adsorption processes (when used in conjunction with 
partial pressure measurements). 
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Additional techniques which have formerly been laboratory 
curiosities are being developed into useful research tools 
which can be productively employed in understanding friction 
on a molecular scale, These techniques include low energy 
electron diffraction, secondary electron emission, and field 
emission microscopy, 
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